Although the plant hormone abscisic acid (ABA) has been suggested to play a role in the ripening of non-climatic fruit, direct genetic/molecular evidence is lacking. In the present study, a strawberry gene homologous to the Arabidopsis ABA receptor gene PYR1, named FaPYR1, was isolated and characterized. The 627 bp cDNA includes an intact open reading frame that encodes a deduced protein of 208 amino acids, in which putative conserved domains were detected by homology analysis. Using tobacco rattle virus-induced gene silencing (VIGS), the FaPYR1 gene was silenced in strawberry fruit. Down-regulation of the FaPYR1 gene not only significantly delayed fruit ripening, but also markedly altered ABA content, ABA sensitivity, and a set of ABA-responsive gene transcripts, including ABI1 and SnRK2. Furthermore, the loss of red colouring in FaPYR1 RNAi (RNA interference) fruits could not be rescued by exogenously applied ABA, which could promote the ripening of wild-type fruits. Collectively, these results demonstrate that the putative ABA receptor FaPYR1 acts as a positive regulator in strawberry fruit ripening. It was also revealed that the application of the VIGS technique in strawberry fruit could be used as a novel tool for studying strawberry fruit development.
Introduction
Fleshy fruits play an important role in our food supply, nutrition, and health. Ripening of the fruits is an important and complex process, and, therefore, the regulatory mechanism of fruit ripening has been intensively studied. In experiments with tomatoes, the key regulatory events of climacteric fruit ripening were described and found to focus on ethylene perception and signalling transduction (AdamsPhillips et al., 2004) . In contrast to climacteric fruit, the hormonal regulatory mechanism of non-climacteric fruit ripening remains unclear.
Strawberry fruits are defined as of the non-climacteric type in that they do not exhibit a peak in respiration and ethylene production during ripening, and the application of ethylene to green strawberry fruits does not affect the rate of ripening (Knee et al., 1977; Given et al., 1988; Abeles and Takeda, 1990) . However, the abscisic acid (ABA) content gradually accumulates and promotes fruit ripening during the late stage of strawberry fruit development (Kano and Asahira, 1981; Manning, 1994; Perkins-Veazie, 1995; Jiang and Joyce, 2003) . Importantly, this notion was also confirmed in the another non-climacteric fruit, grape berries (Coombe, 1992; Davies et al., 1997; Giovannoni et al., 2001; Rodrigo et al., 2003; Yu et al., 2006) . Although the plant hormone ABA plays an important role in the regulation of non-climacteric fruit ripening, the molecular/genetic evidence for this has been lacking.
ABA action is initiated by ABA perception, which triggers downstream signalling cascades to induce physiological effects. However, until recent breakthroughs, much progress has been made toward understanding the signalling perception mechanisms for ABA (reviewed by Cutler et al., 2010; Klingler et al., 2010; Melcher et al., 2010; Muschietti and McCormick, 2010; Umezawa et al., 2010) . Several previous reports have demonstrated that the ABA signal is perceived by multiple receptors, including G protein-coupled receptors (GCR2, GTG1, and GTG2), a putative ABA receptor ABAR/CHLH (magnesium chelatase H subunit), and the PYR/PYL/RCAR family of ABA receptors Liu et al., 2007; Fujii et al., 2009; Ma et al., 2009; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009; Pandey et al., 2009; Santiago et al., 2009; Shang et al., 2010) . Among these ABA receptors, only the PYR/PYL/ RCAR proteins underlying ABA action mechanisms have been established by structural and molecular biology, finding the 'gate-latch-lock' mechanics (Melcher et al., 2009 ) and the 'PYL-PP2C-SnRK2' core signalling network (Fujii et al., 2009) . ABA promotes the interaction of PYR1 and protein phosphatase 2C (PP2C), resulting in PP2C inhibition and SnRK2 (sucrose non-fermenting-related kinase 2) activation, which turns on ABA signals via phosphorylation of downstream factors such as AREB/ABF (Fujii et al., 2009) .
Although the regulation by ABA of fleshy fruit development has been studied extensively over the past decade, to our knowledge, the molecular mechanisms underlying ABA perception and signal transduction in fruits remain unclear. In the present study, a strawberry gene homologous to PYR1, the initial ABA receptor identified in Arabidopsis (named FaPYR1), was cloned, and strong evidence is provided to demonstrate that FaPYR1 significantly affects fruit reddening by tobacco rattle virus (TRV)-induced gene silencing (VIGS). The application of the VIGS technique in strawberry could be used as a novel tool for studying strawberry fruit development.
Materials and methods

Plant materials
Octaploid strawberry (Fragaria ananassa cv. 'Fugilia') fruits were used in this study. Strawberry plants were grown under a glasshouse environment (20-25°C, 70-85% relative humidity, and a 14/10 h light/dark regime) in springtime during the period 2000-2010. Three hundred flowers on 40 strawberry plants were tagged during anthesis. Different developmental stage fruits (small green, big green, de-greening, white, initial red, partially red, and fully red) were collected at 7, 14, 18, 21, 23, 25 , and 28 d after anthesis, respectively. Twenty fruits of uniform size were sampled at every stage (one replication). After removal of achenes (seeds), the receptacle was cut into small cubes of 0.5-0.8 cm 3 , which were quickly frozen in liquid nitrogen and stored at -80°C until use.
RNA isolation and cDNA synthesis Total RNA was extracted from 10 g of strawberry fruit using an RNA extraction kit (SV total RNA isolation system; Promega, Madison, WI, USA). Genomic DNA was removed by 15 min incubation at 37°C with RNase-Free DNase (TaKaRa, Otsu, Japan) followed by an RNA Clean Purification Kit (BioTeke, Beijing, China). The purity and integrity of RNA were analysed both by agarose gel electrophoresis and by the A 260 :A 230 and A 260 :A 280 ratios. To generate first-strand cDNA, 3 lg of total RNA was reverse-transcribed using a SMARTä RACE cDNA Synthesis Kit (TaKaRa) according to the manufacturer's protocol.
Cloning of the FaPYR1 gene and RT-PCR analysis
The cDNA obtained above was used as a template for amplifying the FaPYR1 gene with primers (forward, 5#-ATGGAGAAACCA TCATCGGC-3'; reverse, 5#-TCAGACCTGGGGAGTTAGCG-3#).
PCR was performed under the following conditions: 94°C for 5 min, followed by 35 cycles at 94°C for 30 s, 53°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for an additional 10 min. The PCR products were ligated into a pUC-T vector and subsequently transformed into Escherichia coli DH5a. Positive colonies were selected, amplified, and sequenced by Invitrogen China (Shanghai, China).
Detection of the TRV vector by RT-PCR Random primers were used to reverse-transcribe RNA for the first strand of infiltrated strawberry fruit to detect the TRV vector. RT-PCR primers for TRV genes were designed as follows: RNA1 primers (GenBank accession no. AF406990), forward, 5#-TTACAGGT-TATTTGGGCTAG-3#, reverse, 5#-CCGGGTTCAATTCCTTATC-3#; and RNA2 primers (GenBank accession no. AF406991), forward, 5#-TTACGACGAACCAAGGGAGTACTAC-3#, reverse, 5#-AGT-CACAATTAGCCCTATTTAGATGT-3#. PCR was performed under the following conditions: 94°C for 5 min, followed by 30 cycles at 94°C for 30 s, 54°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for an additional 10 min.
SYBR
Ò real-time RT-PCR Total RNA was isolated as described above from control fruits or RNAi (RNA interference) fruits in which the transcripts of FaPYR1 were down-regulated by 23%. For real-time RT-PCR, the reactions (20 ll) contained 10 ll of SYBR Ò Premix Ex Taq (TaKaRa), 0.4 ll of forward specific primer, 0.4 ll of reverse specific primer, and 2 ll of cDNA templates. The mixture was placed in an iQ5 Sequence Detector (Bio-Rad, Hercules, CA, USA), and DNA amplification was conducted using the following thermocycling program: 95°C for 2 min, followed by 40 cycles at 94°C for 20 s, 54°C for 20 s, and 72°C for 30 s, followed by 71 cycles increasing from 60°C to 95°C at increments of 0.5°C per cycle for 30 s. Actin was used as a reference gene.
FaPYR1 RNAi fruits in which the transcripts of FaPYR1 was downregulated by 23% were used for normalization. Relative gene expression was analysed by real-time quantitative PCR and the 2 -DDCT method (Livak and Schmittgen, 2001) . The primers used were as follows: PYR1 (sense 5#-AAAC CTTGTTCCGCTCCT-3#; and antisense, 5#-CAAT-GGCAATC TCCCTCC-3'); ABI1 (sense, 5#-GTCGTGGCA AACA ACCTG-3#; and antisense, 5#-TTCCACTGTATGACCTTCCCT-3#); ABI3: (sense, 5#-CGGCGCCTGTATTAGTCCC-3#; and antisense, 5#-TGC AGTCTCCAGCGTTTGAT-3'); ABI4 (sense, 5#-TCCTCA TCACCACCGTCTT-3#; and antisense, 5#-ACTCTGGCTCGTTTG CTCT-3#); ABI5 (sense, 5#-GGAGCTGGCAATGGTCG-3#; and antisense, 5#-AGGCCCGCCTTTCCTT-3#); SnRK2 (sense, 5#-GCAC TTCCGT CCAAGAGTG-3#; and antisense, 5#-AGGATATGTAGT GCTG GTAGATT-3#); and Actin (sense, 5#-TGGGTTTGCTGGAG ATGAT-3#; and antisense, 5#-CAG TAGGAGAACTGGGTGC-3#).
Construction of the virus vector and agroinfiltration
The pTRV1 and pTRV2 vectors (described in Liu et al., 2002) were kindly donated by Dr Liu Yu-le, Qinghua University. A 424 bp cDNA fragment of FaPYR1 was amplified using primers (sense, 5#-CGAGTTCCACACCTACCGTG-3#; and antisense, 5#-GAACAGCCGCGTGTCCTCCTC-3#). The amplified fragment (from 114 bp to 537 bp) was cloned into the pMD19-T vector (TaKaRa), digested by SacI and XbaI, and subsequently cloned into the virus vector SacI-XbaI-cut pTRV2. Agrobacterium strain GV3101 containing pTRV1, pTRV2, or the pTRV2 derivative pTRV2-FaPYR1 424 was used for RNAi ( Fig. 1) . Agrobacteriummediated TRV infiltration by syringe injection with a needle into strawberry fruits was performed as described by Fu et al. (2005) .
Determination of ABA, chlorophyll, and anthocyanin content ABA content was quantified by gas chromatography-mass spectrometry (GC-MS). Frozen receptacles (1 g) were mixed with sodium diethyldithiocarbamate trihydrate, quartz sand, and 80% methanol containing D3-ABA as an internal standard. The mixture was ground into a homogenate at <0°C. The fruit mixture was mixed with 80% methanol and soaked overnight at 4°C. After filtration, the extract was adjusted to pH 8.0 with ammonia, and the aqueous phase was concentrated with a rotary film evaporator (RFE) at 35°C in a water bath. The aqueous phase was placed in a test tube, and frozen (-20°C) and thawed (20°C) three times. After centrifugation, the collected supernatant was mixed with 1 mg of polyvinylpolypyrrolidone, the pH was adjusted to 2.5-3.0 with 2 M acetic acid, and it was extracted three times with equal volumes of ethyl acetate. The organic phase was combined and evaporated with an RFE at 35°C and frozen. The extracts were dissolved in 5 ml of 0.1 M acetic acid and passed through a C 18 Sep Pak cartridge (Waters, Milford, MA, USA). The collected eluate was evaporated to dryness at 40°C after the pH was adjusted to 8.0 with ammonia. The residue was methylated by adding 1.5 ml of ethereal diazomethane. The methylated samples were dissolved in ethyl acetate for GC-MS analysis. The experiment was repeated three times.
Determination of chlorophyll and anthocyanin content was performed according to the methods described by Doong et al. (1993) . The experiment was repeated three times.
ABA treatment
A 200 ll aliquot of exogenous 50 mM ABA was injected with a 0.5 ml syringe twice on alternate days into a receptacle of wildtype white fruits (n¼6) or RNAi fruits in which the FaPYR1 transcripts were down-regulated <50% (n¼6) still attached to the plants, respectively. Water was injected into six wild-type white fruits as control (n¼6). Six days after injection, the phenotypes of these fruits were investigated.
Probe preparation and northern hybridization Digoxigenin (DIG)-labelled probes were synthesized using a PCR-DIG Probe Synthesis Kit (Roche Diagnostics, Indianapolis, IN, USA) with primers specific to the cloned FaPYR1gene (forward, 5#-ATG-GAGAAACCATCATCGGC-3#; and reverse, 5#-TCAGACCTGG-GAGTTAGCGT-3#). For northern hybridization analysis, total RNA (15 lg) was separated by electrophoresis on 1% (w/v) agarose gels containing 2.2 M formaldehyde and blotted onto nylon membranes (Hybond N+; Amersham Biosciences, Piscataway, NJ, USA). The digested DNA was separated by electrophoresis on 1% (w/v) agarose gels containing 1% ethidium bromide and blotted onto nylon membranes (Amersham Biosciences). The filters were hybridized overnight with the DIG-labelled DNA probes (0.3-1 lg ml À1 ) in high hybridization solution [50% formamide, 23 SSPE buffer, 10 mM dithiothreitol (DTT), 1 mg ml À1 herring sperm DNA, 500 lg ml À1 yeast tRNA, and 1 mg ml À1 bovine seum albumin (BSA)] in a shaking water bath at 50°C. Following hybridization, the filters were washed twice at 50°C for 15 min in each of 23 SSC, 13 SSC, and 0.13 SSC. The membranes were then subjected to immunological detection according to the manufacturer's instructions using NBT/BCIP stock solution as a chemiluminescent substrate for alkaline phosphatase (Roche Diagnostics).
Results
Morphological and physiological variation in developing strawberry fruit Strawberry (F. ananassa) fruit is referred to, in horticulture, as an enlarged receptacle with achenes. The developmental stages were divided into seven stages based on the changes in 'Fugilia' strawberry fruit size and colour: small green (SG), big green (BG), de-greening (DG), white (Wt), initially red (IR), partially red (PR, namely turning), and fully red (FR) at 7, 14, 18, 21, 23, 25, and 28 d after anthesis, respectively ( Fig. 2A) .
The observation on the processes of fruit development showed that 'Fugilia' strawberry fruit developed rapidly under the growth conditions used here (;1 month from anthesis to ripeness) and showed distinct morphological and physiological changes, including fruit size and colour, as well as chlorophyll, anthocyanin, pH, and ABA content in the receptacle. Chlorophyll content declined gradually after the BG stage (Fig. 2B) . Anthocyanin content began rapidly increasing after the Wt stage (Fig. 2C) . Change in pH values showed a down-up 'V' curve (Fig. 2D ). ABA content in the Fig. 1 . TRV-based VIGS vectors and construction. TRV-based VIGS vectors are described by Liu et al. (2002) . TRV cDNA clones were placed between duplicated cauliflower mosaic virus (CaMV) 35S promoters and the nopaline synthase terminator (N) in a T-DNA vector. pTRV2-FaPYR1 (sense orientation) was constructed to assess the ability of TRV vectors to suppress the FaPYR1 gene in strawberry fruits. RdRp, RNA-dependent RNA polymerase; 16K, 16 kDa cysteine-rich protein; MP, movement protein; CP, coat protein; LB and RB, left and right borders of T-DNA, respectively; R, self-cleaving ribozyme; MCS, multiple cloning sites.
receptacle continually increased in developing fruit except at the IR stage (Fig. 2E) , suggesting the presence of a link between ABA and fruit development.
Cloning of the FaPYR1 gene
To clone the FaPYR1 gene, an Arabidopsis PYR1 protein (At4g17870) was used to BLAST in a strawberry gene library (https://strawberry.plantandfood.co.nz/index.html), and a high homology protein with the gene locus 10475 was found. Based on the nucleotide sequence, specific primers (forward, 5#-ATGGAGAAACCATCATCGGC-3#; reverse, 5#-TCAGACCTGGGGAGTTAGCG-3#) were designed to amplify a coding sequence of the FaPYR1 gene from 'Fugilia' strawberry fruit. The results showed that a 627 bp cDNA homologous to the Arabidopsis ABA receptor gene PYR1 (named FaPYR1) was isolated from strawberry fruit through RT-PCR (GenBank accession No. JF268669). The cDNA included an open reading frame that encodes a deduced protein of 208 amino acids (Fig. 3) , in which the putative conserved domains were detected by homology analysis using BLAST for the FaPYR1 protein on the NCBI website, http://blast.ncbi.nlm.nih.gov/Blast.cgi (Fig. 4) , suggesting that the putative strawberry ABA receptor gene, FaPYR1, was isolated successfully.
Bioinformation and Southern analysis of the FaPYR1 gene family in strawberry genomic DNA To explore the FaPYR1 gene family in strawberry genomic DNA, FaPYR1 protein homology analysis was carried out on the PFR Strawberry Blast Server website (https://strawberry. plantandfood.co.nz/cgi-bin/nph-blast.cgi), finding 11 significantly highly homologous proteins with conserved amino acid regions ( Supplementary Fig. S1 available at JXB online). Phylogenetic analysis based on the amino acid sequence of the 11 proteins and Arabidopsis AtPYR1(At4g17870) alignments showed that these proteins were classified into two large groups: in one group, the FaPYR1 protein with gene locus 10475 was closest to both AtPYR1 and a gene locus 02664, followed by gene loci 21001 and 13619; the distant orthologues were gene loci 29592, 29593, and 29594 (Fig. 5) .
To investigate further the members of FaPYR1 gene family in the strawberry genome, Southern blot analysis was performed using a probe corresponding to the FaPYR1-coding cDNA sequence. Genomic DNA was digested with BglII, EcoRI, NcoI, and SacI restriction enzymes, respectively. The probe generated multiple hybridizing bands using every restriction enzyme (Fig. 6) . The results suggested that the strawberry genome indeed contains a FaPYR1 gene family with multiple members.
Transcription analysis of the FaPYR1 gene in developing strawberry fruit
To determine whether FaPYR1 is involved in strawberry fruit development, its transcripts in the receptacle were observed and it was found that FaPYR1 was expressed in both green and red fruits. Coupled with green fruit growth and enlargement, the transcripts of the FaPYR1 gene increased gradually, and reached their highest level in light green fruits. Thereafter, transcripts decreased rapidly and reached the lowest level in ripening fruits, except for a sudden increase at the turning stage (Fig. 7) . Moreover, a previous study had demonstrated that several flavonoid biosynthesis-related genes also show an up-down-up gene expression pattern during fruit development and ripening (Manning, 1994) , implying the presence of a link between FaPYR1 and fruit colour development. Taken together, the transcription analysis of the FaPYR1 gene during fruit development and ripening suggests that FaPYR1 is mainly involved in early strawberry fruit growth and later reddening.
Silencing of FaPYR1 by VIGS alters the developmental processes of strawberry fruit
A previous study reported that TRV-mediated VIGS is a good potential tool in studying tomato fruit development and ripening (Fu et al., 2005) . However, owing to the restricted host range of TRV, whether TRV can infect strawberries was not clear. Therefore, to identify the gene function of FaPYR1, an attempt was made to apply this technique to strawberry fruit.
To silence the FaPYR1 gene in strawberry fruit development, a mixture of Agrobacterium strain GV3101 cultures containing pTRV1 and pTRV2 carrying a 424 bp fragment of the FaPYR1 gene (pTRV2-FaPYR1) in a 1:1 ratio was syringe-infiltrated into 2-week-old BG fruits, and control fruits were infiltrated only with TRV alone. Two weeks after infiltration, control fruits turned fully red. In contrast, RNAi fruits showed various chimeric symptoms (namely co-occurrence of normal red tissue and TRVinfiltrated transgenic light green, white, or light red tissue in one fruit), which were concomitant with variations in the decrease of transcripts of FaPYR1 (Fig. 8A) . These results demonstrated that FaPYR1 plays an important role in the regulation of strawberry fruit ripening.
To confirm that the TRV vector can infect strawberry fruits, a TRV-RNA1-specific primer for a 560 bp amplicon (sense, 5#-TTACAGGTTATTTGGGCTAG-3#; and antisense, 5#-CC GGGTTCAATTCCTTATC-3#) and a TRV-RNA2-specific primer for a 300 bp amplicon (sense, 5'-TTACGACGAAC-CAAGGGAGTACTAC-3#; and antisense, 5#-AGTCACAA TTAGCCCTATTTAGATGT-3#) were designed. The PCR products were detected in 4-week-old TRV-infiltrated fruits (Fig. 8B, lanes 2 and 3) , but were not detected in fruits infiltrated with Agrobacterium alone (Fig. 8B, lane 1) . These results confirmed that the TRV vector could indeed infect strawberry fruits.
Down-regulation of the FaPYR1 gene alters ABA content, ABA sensitivity, and a set of ABA-responsive gene transcripts
To explore the relationship of ABA with FaPYR1 during strawberry fruit ripening, the ABA content in the FaPYR1-silenced RNAi fruit (down-regulated by 23% in Fig. 8 ), the FaPYR1 regulates strawberry fruit ripening | 5083 control red fruit (down-regulated by 100% in Fig. 8) , and the wild-type white fruit (Fig. 1) , as well as the mRNA expression levels of a set of ABA-responsive genes, including ABI1 (Gosti et al., 1999) , ABI3 (Mönke et al., 2004) , ABI4 (Finkelstein et al., 1998) , ABI5 (Finkelstein and Lynch, 2000) , and SnRK2 (Fujii et al., 2009) , were first determined. The results showed that the average contents of ABA were 305.2563.07 ng g À1 in the white section of RNAi fruits, 157.3662.47 ng g À1 in the control red fruits, and 128.9162.177 ng g À1 in the wild-type fruits, respectively, showing that the ABA content was significantly up-regulated in infiltrated RNAi fruits in comparison with the control fruits or the wild-type fruits. Secondly, the effects of exogenous ABA on FaPYR1-RNAi fruits were determined. The results showed that 6 d after injection of ABA, 33, 100, or 0% of the water-treated white fruits, the ABA-treated white fruits, or the ABA-treated RNAi fruits turned fully red, respectively. These results showed that the loss of colour in RNAi fruits is not rescued by exogenously applied ABA, which promotes reddening of the wild-type fruits (Table 1) .
The mRNA expression levels of ABI1, ABI3, ABI4, ABI5, and SnRK2 via real-time PCR analysis showed that these genes were significantly down-regulated in RNAi fruit compared with in control fruit (Fig. 9) . These results provide convincing evidence for a key role for ABA in processes related to the regulation of strawberry fruit ripening.
Discussion
VIGS in strawberry fruit
Owing to the traditional Agrobacterium-mediated genetic transformation in fleshy fruit molecular biological studies being time-comsuming, two rapid gene function assay systems have been developed to date: one is VIGS in tomato fruits (Fu et al., 2006) and the other is intron hairpin RNA (ihpRNA)-based induced gene silencing in strawberry fruits (Hoffmann et al., 2006) . Hoffmann et al. (2006) found that when an Agrobacterium strain carrying a T-DNA expressing ihpRNA specific to the chalcone synthase gene (CHS) was injected with a syringe into the Fig. 4 . Finding putative conserved domains in the FaPYR1 protein. Putative conserved domains were determined for the FaPYR1 protein via a 208 amino acid polypeptide BLAST in the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The PYR/PYL/RCAR-like family belongs to the SRPBCC (START/RHO-alpha-C/PITP/Bet-v1/CoxG/CalC) domain superfamily of proteins that binds hydrophobic ligands. SRPBCC domains have a deep hydrophobic ligand-binding pocket. PYR/PYL/RCAR plant proteins are receptors involved in signal transduction that bind abscisic acid (ABA) and mediate its signalling. ABA is a vital plant hormone, which regulates plant growth, development, and response to environmental stresses. Upon binding ABA, these plant proteins interact with a type 2C protein phosphatase (PP2C), such as ABI1 and ABI2, which inhibits their activity. Fig. 5 . A phylogenetic tree for Arabidopsis AtPYR1 and 11 members of the strawberry FaPYR1 family. A phylogenetic tree with distances was analysed using the Neighbor-Joining method (Saitou and Nei, 1987) . The numbers at the nodes are bootstrap values, and the bar represents 0.05 substitutions per amino acid position. The confidence values are bootstrap values from 1000 replicates.
receptacles of growing fruits still attached to the plant ;14 d after pollination, a chimeric phenotype was obtained with white sections 14 d after injection. In the present study, when a mixture of Agrobacterium strain GV3101 cultures that contained pTRV1 and pTRV2 carrying a 424 bp fragment of the FaPYR1 gene (pTRV2-FaPYR1) in a 1:1 ratio was syringe-infiltrated into 2-week-old BG fruits, RNAi fruits showed various chimeric symptoms similar to the results reported by Hoffmann et al. (2006) .
However, owing to its restricted host range, TRV-based VIGS has only been studied in a few plants, such as tobacco (Ratcliff et al., 2001) , tomatoes (Liu et al., 2002) , peppers (Chung et al., 2004) , petunias (Chen et al., 2004) , and peaches (Jia et al., 2010) . To our knowledge, this is the first successful establishment of the use of TRV-based VIGS in strawberry fruits. Prospectively, several advantages of the strawberry plant including the small plant size, easy propagation and production, short vegetative stage, rapid fruit development and ripening stage, and especially the current VIGS technique have made the strawberry a useful model for studying the function of unknown genes related to fruit development and ripening.
Multiple PYR/PYL genes are being silenced by VIGS
In the Arabidopsis genome, 13 genes, Pyl1-Pyl13 (for PYR1-Like), have significant similarity with Pyr1; moreover, Pyr/Pyl genes act redundantly in ABA signalling. The PYR1 loss-of-function mutants do not have obvious phenotypes; triple (pyr1;pyl1;pyl4) and quadruple (pyr1;-pyl;pyl2;pyl4) mutant lines with obvious phenotypes display strong ABA insensitivity . Therefore, the strong phenotype of the FaPYR1 mutants raises the question of whether multiple PYR/PYL genes are being silenced by VIGS in RNAi uncoloured strawberry fruits.
In the strawberry genome, 10 putative proteins are remarkably similar to FaPYR1 ( Supplementary Fig. S1 at JXB online). The presence of multiple PYR/PYL gene loci in the strawberry genome is also to some extent demonstrated by Southern analysis (Fig. 6) . Notably, based on the homology analysis of the 424 bp FaPYR1 inserted into the TRV vector with the other 10 homologous nucleotide sequences in strawberries, six significantly high similarity gene loci including 13619 (70%), 02664 (68%), 19178 (68%), 21001 (65%), 29593 (65%), and 29592 (64%) were found at the nucleotide level. Based on transcript analysis of these genes by real-time PCR in FaPYR1-silenced RNAi fruit (down-regulated by 23%) and control red fruit (100%; Fig. 8) , it was found that in addition to gene loci 13619 and 21001, most of their gene transcripts including gene loci 02664, 19178, 29593 , and 29592 were significantly downregulated in RNAi uncoloured fruits (Supplementary Fig.  S2 ). These results to some extent revealed that the silencing of multiple PYR/PYL genes by VIGS might occur in the FaPYR1 loss-of-function mutant.
The vital role of ABA in the regulation of strawberry fruits Fleshy fruits have been classically defined as being either climacteric or non-climacteric based on the physiological processes of ripening. Climacteric fruits show a sudden increase in respiration at the onset of ripening with a concomitant increase in the production of the gaseous hormone ethylene, which is typically regarded as necessary for climacteric ripening (Giovannoni, 2001; Alexander and Grierson, 2002) . Strawberry fruits are defined as nonclimacteric in that they do not exhibit a peak in respiration and ethylene production during ripening, and the application of ethylene to green strawberries does not affect the rate of ripening (Hoad et al., 1971; Knee et al., 1977; Abeles and Takeda, 1990) . In contrast, the ABA content gradually increases, coupled with a decline in indole acetic acid (IAA), during the later stages of early strawberry fruit development, and the ABA to auxin ratio could be part of the signal that triggers fruit ripening (Archbold and Dennis, 1984; Perkins-Veazie, 1995) . However, Given et al. (1988) reported that auxin stimulates receptacle expansion during fruit development and later inhibits fruit ripening. ABA is regarded as promoting fruit maturation markedly (Kano and Asahira, 1981; Manning, 1994; Jiang and Joyce, 2003) .
It is notable that the two obvious events with two concomitant increases in ABA content are strawberry fruit de-greening and reddening: the first rapid accumulation of ABA occurs at the little green to white stages, and the second rapid accumulation of ABA takes place at the initial red to fully red stage (Fig. 2) . These results suggest that ABA might be involved in strawberry fruit development. This notion is demonstrated by the effect of exogenously applied ABA in RNAi fruits (Table 1) , namely the loss of red colouring in FaPYR1-RNAi fruit could not be rescued by exogenously applied ABA, while ABA could promote the ripening of the wild-type fruits. Importantly, the average content of ABA was significantly up-regulated in the white section of RNAi fruit in comparision with the control or the Table 1 . The effect of 0.5 mM ABA on RNAi chimeric fruit ripening About 200 ll of exogenous 50 mM ABA was injected with a 0.5 ml syringe twice on alternate days into in vivo receptacles of wild-type white fruits or RNAi fruits in which the FaPYR1 transcripts were down-regulated <50%, respectively. Water was injected into wildtype white fruits as control. Six days after injection, the phenotypes were investigated. (Table 1) . As high as the ABA content is in RNAi fruit, they still cannot complete full reddening, suggesting that the significant increase in ABA level caused by down-regulation of FaPYR1 may be attributed to a feedback effect on the numbers of ABA signal molecules when the ABA signalling pathway is repressed. Taken together, these results demonstrate that ABA regulation by FaPYR1 of strawberry fruit ripening is an important pathway controlling fruit development.
Real-time PCR analysis of the mRNA expression levels of ABI1, ABI3, ABI4, ABI5, and SnRK2 showed that transcripts of these genes were significantly down-regulated in RNAi fruit (n¼3) compared with control fruits (n¼3; Fig. 9 ). ABA-insensitive loci ABI1, ABI3, ABI4, and ABI5 encode PP2C, B3 domain transcription factor, APETALA2 domain transcription factor, and bZIP domain transcription factor, respectively, which are important components of the ABA signalling pathway and involved in Arabidopsis seed germination, post-germination growth, and stomatal movement (Finkelstein et al., 2002) . The ABA-responsive locus, SnRK2, encodes sucrose non-fermenting-related kinase 2, which is reported to mediate the regulation of sucrose metabolism in Arabidopsis (Zheng et al., 2010) . A recent report shows that in the presence of ABA, the PYR1 receptor proteins can disrupt the interaction between the SnRK2s and PP2Cs (ABI1), thus preventing the PP2C-mediated dephosphorylation of SnRK2s. This results in the activation of the SnRK2 kinases, turning on downstream factors of ABA signals, such as AREB/ABF, and finally leads to ABA-responsive physiological events (Fujii et al., 2009 ). In the current study, ABI1, ABI3, ABI4, ABI5, and SnRK2 genes were down-regulated in RNAi fruit, which may lead to the suppression of ABA responses, and, in turn, destroy ABA-responsive physiological events, such as fruit reddening. In addition, certain downregulated ABA signalling-derived events may serve as feedback signals to regulate ABA levels. This notion is consistent with the fact that ABA accumulates at rather high levels in FaPYR1-down-regulated RNAi fruits compared with the control fruits.
In conclusion, evidence for the vital role for ABA in the regulation of strawberry fruit ripening is as follows: first, ABA content increases gradually during fruit development; secondly, silencing of the putative ABA receptor gene FaPYR1 affects fruit reddening; and thirdly, the loss of colour in RNAi fruits is not rescued by exogenous ABA, which promotes wild-type fruit reddening.
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